Viruses must hijack cellular translation machinery to efficiently express viral genes. In many 17 cases, this is impeded by cellular stress responses. These stress responses swiftly relocate 18 and repurpose translation machinery, resulting in global inhibition of translation and the 19 aggregation of stalled 48S mRNPs into cytoplasmic foci called stress granules. This results in 20 translational silencing of all mRNAs excluding those beneficial for the cell to resolve the 21 specific stress. For example, expression of antiviral factors is maintained during viral infection.
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Vero cells seeded onto glass coverslips were mock infected or infected with IBV and 116 incubated at 37 o C. After 1 hour, 1x BES (MEM, 0.3% tryptose phosphate broth, 0.2% bovine 117 serum albumin, 20 mM N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES), 0.21% 118 sodium bicarbonate, 2 mM L-glutamine, 250 U/mL nystatin, 100 U/mL penicillin, and 100 119 U/mL streptomycin) was added and cells incubated for the indicated time. Where indicated, 120 cells were treated for 1 hour prior to fixation with 500 μ M sodium arsenite or 35 µM 121 cycloheximide or for 2 hours prior to fixation with 2 µM hydrogen peroxide. Cells were fixed in 122 4% paraformaldehyde in PBS, permeabilized in 0.1% triton X-100 in PBS and blocked in 0.5% 123 bovine serum albumin (BSA) in PBS. Primary and secondary antibodies were diluted in 124 blocking buffer. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Anti-dsRNA 125 J2 (English and Scientific Consulting) was diluted 1:1000, anti-nsp12 (Maier et al., 2013) was 126 diluted 1:1000, anti-S2 (26.1) was diluted 1:500, anti-IBV (Abcam) was diluted 1:1000, 127 anti-G3BP1 (BD biosciences) was diluted at 1:500, anti-G3BP1 (Sigma) was diluted 1:500, 128 anti-eIF3η (Santa-Cruz) was diluted 1:500 and anti-eIF4G (Santa-Cruz) was diluted 1:500.
129
Alexa Fluor-conjugated secondary antibodies (Invitrogen) were diluted 1:500. Cells were 130 visualized using a Leica SP5 or Nikon Ti Eclipse confocal microscope. To determine the 131 percentage cells positive for SG, cells were counted manually with at least 50 cells counted 132 over three independent biological replicates. 
148
Cell lysates were heated to 95 o C for 3 minutes and briefly sonicated. Proteins were separated 149 on a 4-20 % Bis-Tris gel (Biorad) and transferred onto nitrocellulose membranes. These were 150 blocked in 0.5% BSA or 5% milk in TBS-Tween (TBST) then incubated with primary antibody 151 diluted in blocking buffer. Following three washes in TBS-T, membranes were incubated with HRP labelled secondary antibodies (Dako) diluted in blocking buffer. After three further 153 washes in TBS-T, blots are incubated chemiluminescence substrate using the Clarity
154
Western ECL Substrate (Bio-Rad). Labelled protein bands were visualized using a Vilber 155 imaging system. Anti-IBV was diluted 1:1000, anti-eIF2α (Cell Signaling Technologies) was 156 diluted 1:1000, anti-eIF2α-p (Cell Signalling Technologies) was diluted 1:2000 and 157 anti-GAPDH (Invitrogen) was diluted 1:10000. 
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Vero cells seeded onto glass coverslips were mock or IBV infected as before. RPM was 161 performed as described by David et.al (David et al., 2012) 166 media, fixed and processed for immunofluorescence as described above. Anti-puromycin 167 (Sigma) was diluted 1:10000. To quantify immunofluorescence images, the puromycin signal 168 in 100 cells was determined using ImageJ (Schneider et al., 2012) .
170
Results
171
IBV replication induces stress granules in a proportion of infected cells
172
Initially, the ability of IBV to induce SG during replication was assessed. Vero cells were 173 infected with IBV and at the indicated time points cells were fixed and labelled with 174 anti-dsRNA to detect virus infection and with anti-G3BP1 to detect SG. At each time point, 175 infected cells were present, with the number of infected cells increasing over time, as 176 expected ( Figure 1A ). In addition, at each of the time points tested, G3BP1 puncta were 177 detected in a proportion of, but not all, infected cells with diffuse G3BP1 found in the 178 remaining infected and uninfected cells. Subsequently, the number of infected cells with and 179 without G3BP1 puncta was determined. The percentage of infected cells containing G3BP1 180 puncta was found to be between 10 and 25% ( Figure 1B ) and this percentage remained 181 unchanged over the course of infection, with no statistical difference between the percentages 182 of cells containing puncta at any time point. Therefore, IBV replication triggers the formation of 183 G3BP1 puncta, but interestingly, only in 10-25% of infected cells. 
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Following identification of SG in IBV infected cells, the requirement for active virus replication 200 in induction of granules was assessed. Cells were infected with wild type IBV or a 201 BEI-inactivated virus. After 24 hours, cells were fixed and labelled with anti-dsRNA and 202 anti-G3BP1. While cells infected with wild type IBV contained SG as observed before, cells infected with the inactivated virus did not ( Figure 1C ). Therefore, induction of SG requires 204 actively replicating virus and is not a response by the cell to the presence of the virus particle.
206
IBV replication inhibits chemical induction of stress granules 207
As IBV replication did not induce SG in every infected cell, it was hypothesised that IBV may 208 be able to inhibit formation of canonical SG. To test this, cells were infected with IBV for 24 209 hours and prior to fixation, cells were treated with sodium arsenite for 1 hour or hydrogen 210 peroxide for 2 hours to induce stress granule formation. Sodium arsenite induces 211 eIF2α-dependent SG by activating the eIF2α kinase HRI. Hydrogen peroxide induces SG in 212 an eIF2α-independent process by disrupting the eIF4F complex. Following fixation, cells were 213 labelled with anti-dsRNA to detect virus infected cells and anti-G3BP1 to visualize SG. In 214 uninfected cells, treatment with either sodium arsenite or hydrogen peroxide resulted in the 215 formation of SG ( Figure 2A ). However, in IBV infected cells both sodium arsenite and H 2 O 2 216 induction of SG was blocked with G3BP1 in infected cells remaining largely diffuse ( Figure   217 2A). The percentage of cells containing G3BP1 foci was then determined ( Figure 2B ). In the 218 absence of chemical treatment, 17% of IBV infected cells contained SG. When mock infected 219 cells were treated with sodium arsenite or hydrogen peroxide, 83 and 74% of cells were 220 positive for SG, respectively. However, when IBV infected cells were sodium arsenite or 221 hydrogen peroxide treated, only 18 and 9% infected cells contained SG, respectively.
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Therefore, IBV infection inhibits both eIF2α-dependent and independent stress granule 243 and G3BP2 (Fros et al., 2012; Matthews and Frey, 2012; McInerney et al., 2005;  244 Poblete-Duran et al., 2016) . Therefore, following identification of G3BP1 puncta in some IBV 245 infected cells, the nature of these puncta was investigated to determine whether they were 246 canonical SG or virus-specific granules. Canonical SG contain multiple stress granule 247 markers such as G3BP1, translation initiation factors, ribosomal subunits and mRNA.
Therefore, the presence of punctate translation initiation factors eIF3η and eIF4G in infected 249 cells was investigated. Cells were infected with IBV and after 24 hours, cells were fixed and 250 labelled with anti-dsRNA and either anti-eIF3η or anti-eIF4G. As expected, eIF3η and eIF4G 251 were diffuse within the cytoplasm in mock infected cells ( Figure 3A ). Similar to previous 252 observations using G3BP1, in a proportion of virus infected cells, both eIF3η and eIF4G were 253 found in cytoplasmic puncta with the remaining infected cells containing diffuse eIF3η or 254 eIF4G ( Figure 3 ). Therefore, IBV infection induces the formation of SG that contain multiple 255 SG marker proteins. were mock infected or infected with IBV. One hour prior to fixation, where indicated cells 259 were treated with sodium arsenite (NaAs). At 24 hpi, cells were fixed and labelled with 260 dsRNA (green) and anti-eIF3η (red) or eIF4G (red), Nuclei were stained with DAPI (blue).
261
Scale bars indicates 20 µm. Images are representative of three independent repeats.
263
In addition to containing multiple stress granule marker proteins, canonical SG are dissolved 264 in the presence of cycloheximide. As mRNAs are constantly shuttled between SG and 265 ribosomes, cycloheximide binding to the ribosome, preventing release of mRNA, inhibits 266 recycling to SG. As a result, SG are dissolved. To further understand the nature of IBV 267 induced SG, their susceptibility to cycloheximide treatment was determined. Cells were 268 infected with IBV for 24 hours and one hour prior to fixation, cells were treated with 269 cycloheximide. Cells were then labelled with anti-dsRNA and anti-G3BP1. Firstly, it was 270 confirmed that SG induced with sodium arsenite in uninfected cells were dissolved by 271 treatment with cycloheximide ( Figure 4A ). When cycloheximide treatment was applied to IBV infected cells, a significant decrease in the number of cells containing SG was observed. The 273 percentage of infected cells containing SG was quantified ( Figure 4B) It was previously found that during replication of Alphacoronavirus TGEV, viral RNA was 292 targeted to virus-induced SG and this was thought to be important for their anti-viral function 293 (Sola et al., 2011) . Therefore, to further understand IBV induced SG and to determine whether 294 IBV RNA is also targeted to SG, viral genomic RNA was visualized by FISH. Cells were infected with IBV or mock infected. After 24 hours, cells were fixed and labelled with the FISH 296 probes and anti-G3BP1 ( Figure 5 ). Viral genomic RNA was found to be located in foci within 297 the cytoplasm. In addition, G3BP1 puncta were detected in a percentage of infected cells, as 298 seen before. However, no co-localization was observed between viral genomic RNA and 299 G3BP1 containing SG. Therefore, IBV genomic RNA is not targeted to SG. et al., 2014; Emara and Brinton, 2007; Nelson et al., 2016) . To 311 investigate whether IBV induced SG co-localize with sites of viral RNA synthesis or virion 312 assembly, cells were infected with IBV and after 24 hours, fixed and labelled with anti-G3BP1 313 as well as antibodies specific for dsRNA, thought to be an intermediate in viral RNA synthesis, 314 nsp12, the viral RNA-dependent RNA polymerase or spike protein to label for sites of progeny 315 virus assembly. Consistent with earlier experiments, dsRNA did not co-localize with G3BP1 316 foci ( Figure 6 ). In addition, G3BP1 did not to co-localize with either nsp12 or spike. Therefore,
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IBV does not direct SG markers to sites of virus replication. Figure 7A ). Following IBV infection at all three time points 340 studied, two phenotypes were observed. Some cells contained the diffuse puromycin signal 341 detected in mock infected cells. Alternatively, a proportion of infected cells showed reduced 342 puromycin signal ( Figure 7B) . To enable the level of translational shut off to be determined, 343 puromycin signal was quantified in at least 50 infected cells and surrounding non-infected 344 cells ( Figure 7C ). This indicated that there was a shut off of translation at all time points.
345
Furthermore, the degree of translational inhibition increased as infection progressed with a 346 more pronounced shut off at 18 and 24 than at 12 hpi. However, consistent with previous work 
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Furthermore, to determine whether IBV infection actively inhibits phosphorylation of eIF2α,
378
Vero cells were infected with IBV and then treated with sodium arsenite prior to cell lysis 379 ( Figure 8B ). As before, sodium arsenite treatment of mock infected cells resulted in a 380 significant increase in the level of phosphorylated eIF2α. When IBV infected cells were 381 treated with sodium arsenite, there was also a significant increase in the level of 382 phosphorylated eIF2α when compared to IBV infected untreated cells. Significantly, the level 383 of phosphorylated eIF2α in these cells appeared comparable to that in mock infected sodium 384 arsenite treated cells ( Figure 8B ). Together, this demonstrates that stress granule formation 
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Interestingly, in the present study, IBV was also found to inhibit eIF2α-independent SG 415 signalling. Flaviviruses and Ebola virus also inhibit both eIF2α-dependent and independent 416 signalling. Ebola virus achieves this via an interaction between VP35 and several SG 417 components including; G3BP1, eIF3 and eEF2 (Le Sage et al., 2017; Nelson et al., 2016; Roth et al., 2017) . Whether any IBV proteins interact directly with SG components to inhibit 419 SG formation remains to be determined.
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Despite IBV regulation of multiple SG signalling pathways, infection results in the formation of 422 SG in approximately 20% of infected cells. Numerous viruses are known to divert SG 423 components to sites of virus replication to benefit the virus such as poxviruses and reoviruses 424 (Desmet et al., 2014; Katsafanas and Moss, 2007) . However, although not exhaustive, our 425 analysis suggests that the SG formed in 20% of infected cells are canonical SG produced in 426 response to virus replication. IBV induced SG were found to contain multiple SG marker 427 proteins and were susceptible to cycloheximide treatment, hallmarks of canonical SG. In 428 addition, the SG markers did not co-localize with markers for viral RNA synthesis or particle 429 assembly. Therefore, they do not appear to resemble the virus specific granules produced will likely be required to tease apart the mechanism of SG formation in the subset of IBV 451 infected cells that contain them.
453
Other members of the coronavirus family have been found to display markedly different 454 relationships with SG and their regulation. Transmissible gastroenteritis virus (TGEV) 455 infection was shown to induce specific antiviral SG. In contrast to observations seen here where IBV genomic RNA did not co-localize with G3BP1, these TGEV specific granules 457 feature an interaction between polypyrimidine tract binding protein (PTB) and viral genomic 458 and sub-genomic RNA (Sola et al., 2011) . During mouse hepatitis virus (MHV) infection, 459 translational shut-off and SG formation was also observed and MHV replication was 460 enhanced upon infection of eIF2αS51A -/cells or TIA -/cells in which translational inhibition 461 and SG formation are impaired, indicating an inhibitory role for SG during MHV replication 462 (Raaben et al., 2007) . Similar to our observations here, Middle East Respiratory Syndrome 463 (MERS) CoV inhibits SG formation. This is achieved via an interaction between MERS-CoV 464 accessory protein 4a and dsRNA, preventing PKR activation (Rabouw et al., 2016) . points. Instead, we consider it more likely that there is an uncoupling of SG formation and 477 translational repression. Indeed we observe both processes in the absence of eIF2α 478 phosphorylation indicating altered signalling for both pathways. This situation has also been 479 observed during murine norovirus (MNV) replication where cellular translation is inhibited and 480 canonical SG assembly is blocked through repurposing of G3BP1 independently from eIF2α 481 phosphorylation (Brocard et al., 2019; Fritzlar et al., 2019) . MNV translational control is 482 achieved via the phosphorylation of eIF4E by Mnk1, which in turn is activated by the p38 483 kinase (Royall et al., 2015; Waskiewicz et al., 1997) . The mechanism of IBV translational 484 control is currently unknown. Other CoVs have been shown to inhibit translation through the 485 action of viral non-structural protein, nsp1, which binds the 40S ribosomal subunit and cleaves 486 host mRNA (Narayanan et al., 2015) . However, IBV does not express nsp1. Instead, IBV 487 accessory protein 5b was found to be responsible for translational shut off and stability of 488 some mRNAs tested was actually increased upon IBV infection, suggesting a completely 489 different mechanism for control of cellular translation (Kint et al., 2016) .
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During this project, IBV replication did not result in phosphorylation of eIF2α at any of the time 492 points tested. Furthermore, infection was not able to limit sodium arsenite induction of eIF2α 493 phosphorylation, showing IBV cannot actively inhibit eIF2α phosphorylation. This is in contrast to previous findings that IBV nsp2 is a weak antagonist of PKR and that GADD34 is 495 upregulated during IBV infection resulting in decreased levels of phosphorylated eIF2α (Wang   496   et al., 2009) . A subsequent study by the same laboratory found that IBV infection also induced 497 phosphorylation of PERK, and the subsequent activation of ATF4 and the proapoptotic,
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GADD153, again resulting in dephosphorylation of eIF2α (Liao et al., 2013) . The reason for 499 the inconsistency between our current findings and the previous work is not clear although 500 one methodological difference in the current study is the use of sodium arsenite to induce 501 eIF2α phosphorylation, which acts via HRI whilst the previous studies showed the activation if 502 eIF2α phosphorylation in virus infected cells via activation of either PKR or PERK. Notably 503 however, in our work presented here IBV replication did not induce phosphorylation of eIF2α 504 at any time point and it is therefore not necessarily surprising that mechanisms to 505 dephosphorylate eIF2α are also not activated. Indeed the signalling molecule required for 506 activation of PKR, dsRNA, is known to be concealed within virus induced vesicles during 507 coronavirus replication (Knoops et al., 2008) . Furthermore, interferon signalling, which also 508 relies upon sensing of dsRNA is not activated in IBV infected cells until very late time points, 509 consistent with shielding of dsRNA from cellular detection (Kint et al., 2015) . Therefore, the 510 activation of these various cellular signalling pathways in response to IBV infection is likely to 511 be prevented, consistent with our findings.
513
Conclusions
514
In the present study we have demonstrated that IBV replication effectively blocks both 515 eIF2α-dependent and eIF2α-independent SG signalling pathways. In addition, IBV replication 516 results in a shut-off of translation. However, interestingly in a proportion of infected cells, 517 canonical SG are formed that do not localize with sites of viral replication and do not contain 518 viral RNA. This raises the interesting future possibility of being able to study the composition 519 and function of canonical cellular SG in virus infected cells. In addition to these findings, in IBV 520 infected cells, both translational repression and SG formation were found to occur in the 521 absence of eIF2α phosphorylation, although IBV replication was not able to actively inhibit 522 eIF2α phosphorylation. Therefore, IBV infection of cells results in a dysregulation and 523 uncoupling of several important cellular signalling pathways. The mechanism behind this 524 dysregulation remains to be determined but we have furthered our understanding of how IBV 525 changes the cellular environment to make it favorable for virus replication. 
